Introduction {#cesec10}
============

Promotion of faster weight gain in children with growth failure is an important goal of paediatric care in countries of low and middle income, in view of the well known associations between poor growth and impaired cognitive development and increased morbidity and mortality. However, some studies suggest that rapid weight gain in the first 2 years of life is related to an increased risk of obesity[@bib1; @bib2] and insulin resistance[@bib3; @bib4] later in life. Reports about this so-called catch-up dilemma[@bib5; @bib6; @bib7] draw attention to the potential risks and benefits of faster early growth. Much of the concern is based on studies of weight gain in children in high-income countries, without a concomitant consideration of how linear growth and weight gain relative to linear growth affect outcomes later in life. Separation of their effects is important because, although early linear growth strongly predicts adult height,[@bib8] lean body mass,[@bib9; @bib10] attained schooling,[@bib11] employment,[@bib12] and earnings,[@bib13; @bib14] excess adiposity is a well recognised risk factor for cardiometabolic diseases. The key questions for paediatricians and policy makers are: what is the optimum age for promotion of growth for enhanced survival and human capital, and will this promotion necessarily lead to an increase in cardiometabolic disease?

We explored how birthweight, linear growth, and weight gain relative to linear growth in childhood and adulthood are related to body size and composition, cardiometabolic risk factors (blood pressure and plasma glucose concentrations), and human capital outcomes (height and attained schooling) in young adults. We compared results across these diverse outcomes to explore possible trade-offs. We focused on birth and the period from 0 to 2 years to provide additional insights into the long-term importance of the [first 1000 days](http://www.thousanddays.org){#interrefs10}---widely recognised as a particularly sensitive period for child health and development.

Methods {#cesec20}
=======

Study design and participants {#cesec30}
-----------------------------

We used data from five prospective birth [cohort studies](http://www.cohortsgroup.org){#interrefs20} included in the Consortium for Health Orientated Research in Transitional Societies (COHORTS):[@bib15] the 1982 Pelotas Birth Cohort (Brazil);[@bib16] the Institute of Nutrition of Central America and Panama Nutrition Trial Cohort (Guatemala);[@bib17] the New Delhi Birth Cohort (India);[@bib10] the Cebu Longitudinal Health and Nutrition Survey (Philippines);[@bib18] and the Birth to Twenty Cohort (South Africa).[@bib19] All studies of these cohorts were reviewed and approved by appropriate ethics review boards.

Procedures {#cesec40}
----------

We identified common ages of childhood measurements across the five sites, and focused on birthweight, birthlength (available for Guatemala, India, and the Philippines), weight and length at age 2 years, and weight and height mid-childhood (aged 4 years for Brazil, Guatemala, India, and South Africa; 8 years for the Philippines). Birthweight was measured in hospitals at delivery in South Africa and Brazil, in the community by research staff within 72 h of birth in India, in hospitals or at home by birth attendants provided with project scales in the Philippines, and by a project nurse at home or in a health-care centre in Guatemala. Gestational age estimates were based on the mother\'s report of the date of her last menstrual period. Birthlength was measured by trained research staff within 72 h of birth in India, within 6 days in the Philippines, and 15 days after birth in Guatemala.

Statistical methods are needed to separate the effects of linear growth and weight gain because they are strongly correlated, as are repeat measurements taken in the same individual. We derived standardised residuals by regressing current size (represented as Fisher-Yates transformed weight-for-age and length-for-age *Z* scores) on all previous size measures to produce conditional size measures.[@bib20; @bib21] Conditional height is present length or height accounting for previous length or height, and weight (but not present weight). Conditional relative weight is present weight accounting for present height and all previous weight and height measures. For example, adult conditional relative weight is derived from a regression of adult weight on adult height, weight and height at mid-childhood, weight and length when aged 2 years, and birthweight.

Conditional variables represent children\'s deviation from the expected size on the basis of their own previous measures and the growth of the other children in each cohort, and can be interpreted as representing faster or slower relative weight gain or linear growth. For example, a child with a positive value for mid-childhood conditional height is taller than expected in view of previous size and thus had a faster rate of linear growth than would be expected from age 2 years to mid-childhood. Our exposure variables represent birthweight and conditional height and conditional relative weight when aged 2 years, during mid-childhood, and during adulthood. Equivalents of the conditional variables (g or kg, and cm) are shown in the [appendix (p 20)](#sec1){ref-type="sec"}.

We calculated conditional variables separately for each site and sex from the largest sample with complete non-pregnant anthropometric data at all selected ages to avoid bias as a result of including only individuals with adult outcomes. Because birthlength was not available for Brazil and South Africa, we included only birthweight in the regression models for all sites. In separate analyses of the three sites for which data for birthlength were available, we compared results with and without the inclusion of birthlength. Associations of the resulting conditional relative weight and conditional height variables with later outcomes were similar with each method.

Height, weight, and waist circumference were measured with standard techniques. Binary variables represent overweight and obesity (body-mass index \[BMI\] ≥25 kg/m^2^ or the International Obesity Task Force equivalent for individuals aged \<18 years[@bib22]) and short stature (height-for-age *Z* score[@bib23] \<--2 when aged \<19 years; or \<150·1 cm for women and \<161·9 cm for men if aged ≥19 years). Fat mass, fat-free mass, and percentage body fat were calculated with site-specific methods (bioelectrical impedance in Brazil; validated equations including weight, height, and abdominal circumference in Guatemala, or skinfold thickness in India and the Philippines; and dual x-ray absorptiometry \[Delphi, Hologic\] in South Africa).[@bib9] Within each site and sex, we used a Fisher-Yates transformation to express fat mass and fat-free mass in SD units to enable comparisons within and between sites.

Blood pressure was measured by aneroid sphygmomanometer in Brazil, mercury sphygmomanometer in the Philippines, and digital devices elsewhere (UA-767 \[A and D Medical\] in Guatemala; Omron M6 \[Omron\] in South Africa; and Omron 711 \[Omron\] in India). Participants were measured seated after 5--10 min of rest, with appropriate cuff sizes. We used the mean of three measurements (Philippines), two measurements (Brazil and India), or the second and third of three measurements (Guatemala and South Africa). In accordance with international recommendations, elevated blood pressure was defined as a systolic blood pressure of 130 mm Hg or more or a diastolic blood pressure of 85 mm Hg or more[@bib24] in view of the young ages and low prevalence of hypertension in several cohorts.

Fasting blood glucose concentration was measured in all cohorts except in Brazil, where a random finger-prick capillary whole-blood sample was obtained and adjusted for time since previous meal.[@bib25] Adjustments were made for differences in plasma, whole venous blood, and capillary values.[@bib26; @bib27] Participants with glucose concentrations of 6·1 mmol/L or more, or those taking drugs for diabetes were considered to have dysglycaemia (ie, impaired fasting glucose or diabetes).[@bib28]

The number of completed years of schooling was recorded in all sites.[@bib11] As an adverse outcome, a binary variable indicates failure to complete secondary school. Socioeconomic status at birth was represented by mother\'s education and a site-specific indicator of household wealth, which was a summary measure of housing type and ownership and type of dwelling (India), or an asset index based on household possessions (all other sites). Additionally, we tested whether inclusion of gestational age or premature birth (gestational age \<37 weeks) affected the coefficients of the conditional variables.

Statistical analysis {#cesec50}
--------------------

We used linear regression for continuous outcomes and logistic regression for categorical outcomes to estimate associations with conditional height and conditional relative weight at different ages. Models for each outcome included the largest sample with complete data. We excluded women who were pregnant at the time of measurement from all analyses. We compared our main analysis sample with samples with adult data but incomplete anthropometry, and with those with birth measures but without adult outcome data by use of Bonferroni-adjusted ANOVA to account for multiple comparisons. To assess potential bias related to attrition and missing data, we compared results estimated by Heckman[@bib29] selection models with standard regression models.

We assessed site and sex heterogeneity with *F* tests, allowing other predictors (eg, age and socioeconomic status) to vary across sites. To measure the variation of effect sizes between combinations of sex and site, we used restricted maximum likelihood to estimate the SD of the effect size for each site and sex around their pooled value. This SD value is close to the SD of estimates specific to each site and sex for each growth variable with each outcome. When it is zero, the effect sizes for each sex and site are compatible with a fixed-effects model.

Glucose and blood-pressure models included birthweight, and conditional height and conditional relative weight when aged 2 years, at mid-childhood, and during adulthood. Because attained schooling cannot be affected by subsequent growth in people who dropped out as children or adolescents, schooling models exclude adult conditional relative weight and conditional height. Adult size outcomes (height, BMI, and body composition measures) also exclude adult conditional height and conditional relative weight. Because conditional height and conditional relative weight variables are not correlated, they can be included together in models without concerns about colinearity.

Because we noted heterogeneity by site and sex for at least one conditional relative weight or conditional height variable in most models, we present results stratified by sex and site; stratified by sex and adjusted for site; and pooled, adjusted for site and sex. Because of the large number of outcomes, we created detailed tables ([appendix](#sec1){ref-type="sec"}) that include all estimated coefficients, but summarised results graphically to present site and sex-specific coefficients, with sex-stratified pooled results. We adjusted all models for adult age. Adjustment for gestational age or socioeconomic status at birth did not meaningfully alter coefficients or p values in the models for body composition or cardiometabolic outcomes, so for these models we present results unadjusted for these factors. We adjusted height and schooling models for socioeconomic status at birth, and additionally adjusted height for maternal height to account for differences in genetic growth potential. Information about paternal height was not available. We used Stata (version 12) for analyses.

Role of the funding source {#cesec60}
--------------------------

The sponsors of the study provided financial support for data management and data analysis, but had no other role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and all authors made the decision to submit for publication.

Results {#cesec70}
=======

We obtained data for 8362 participants who had provided information about at least one adult outcome of interest ([table 1](#tbl1){ref-type="table"}). Participants who were lost to follow-up or excluded because of missing data rarely differed significantly from those who were included ([appendix p 2](#sec1){ref-type="sec"}). Mean adult age at which measurements were taken ranged from about 18 years in South Africa to more than 31 years in Guatemala ([table 1](#tbl1){ref-type="table"}). The prevalence of adverse outcomes generally reflects the age and relative economic development of the five samples. Adult height and fat-free mass were highest in Brazilian men ([table 1](#tbl1){ref-type="table"}). Dysglycaemia was too rare to analyse in sex-stratified models in the South African cohort ([table 1](#tbl1){ref-type="table"}).

Higher birthweight and conditional relative weight at age 2 years and mid-childhood were consistently associated with higher adult BMI in men and women ([figure 1](#fig1){ref-type="fig"}, [appendix p 5](#sec1){ref-type="sec"}). The association between conditional relative weight and BMI strengthened with age at measurement: overall, BMI increased by 0·5 kg/m^2^ per SD increase in birthweight, by 1·0 kg/m^2^ at 2 years, and 1·3 kg/m^2^ in mid-childhood. Higher conditional height at 2 years and mid-childhood was also associated with higher adult BMI, but coefficients were smaller than were those for conditional relative weight and diminished with age ([figure 1](#fig1){ref-type="fig"}). The findings were similar for the binary outcome of obesity ([table 2](#tbl2){ref-type="table"}, [appendix p 6](#sec1){ref-type="sec"}). Heterogeneity between sexes and sites was primarily a result of size rather than direction of coefficients.

All conditional relative weight and conditional height variables were associated with higher adult fat mass and fat-free mass ([figure 1](#fig1){ref-type="fig"}, [appendix pp 7--8](#sec1){ref-type="sec"}). Coefficients for birthweight and relative weight increased with the age at which size was measured, while conditional height coefficients decreased ([figure 1](#fig1){ref-type="fig"}). Birthweight and conditional relative weight at age 2 years were more strongly associated with fat-free mass than with fat mass, contrasting with stronger associations of conditional relative weight in mid-childhood with fat mass than with fat-free mass ([appendix pp 7--8](#sec1){ref-type="sec"}). Conditional height at age 2 years and mid-childhood were more strongly associated with fat-free mass than with fat mass, and both associations were stronger at 2 years than at mid-childhood. The findings for percentage body fat and waist circumference ([appendix pp 9--10, 21--22](#sec1){ref-type="sec"}) were similar to those for fat mass and BMI. Heterogeneity between sexes and sites was greater for fat mass than for fat-free mass.

Birthweight was unrelated to systolic blood pressure ([figure 2](#fig2){ref-type="fig"}, [appendix p 11](#sec1){ref-type="sec"}). Higher conditional relative weight at all ages was associated with higher systolic blood pressure, and the associations strengthened with increasing age at measurement ([figure 2](#fig2){ref-type="fig"}). Conditional height at age 2 years and mid-childhood was also positively related to systolic blood pressure ([figure 2](#fig2){ref-type="fig"}). The association between birthweight and systolic blood pressure was not the same in Guatemala as in other sites ([figure 2](#fig2){ref-type="fig"}, [appendix p 11](#sec1){ref-type="sec"}). The β coefficients for associations between conditional relative weight at mid-childhood and adulthood and conditional height at 2 years were larger in men than in women ([appendix p 11](#sec1){ref-type="sec"}). The findings were similar for diastolic blood pressure and elevated blood pressure ([table 2](#tbl2){ref-type="table"}, [appendix pp 12--13, 23](#sec1){ref-type="sec"}), except that higher birthweight was associated with a reduced likelihood of elevated blood pressure in adulthood ([table 2](#tbl2){ref-type="table"}).

Conditional relative weight in adulthood and, in women only, in mid-childhood were associated with higher plasma glucose concentration in adulthood ([figure 2](#fig2){ref-type="fig"}, [appendix p 14](#sec1){ref-type="sec"}). Conditional relative weight at age 2 years was unrelated to glucose, and birthweight was inversely associated with plasma glucose concentration in women ([figure 2](#fig2){ref-type="fig"}, [appendix p 14](#sec1){ref-type="sec"}). Conditional height at any age was unrelated to adult plasma glucose concentration ([figure 2](#fig2){ref-type="fig"}, [appendix p 14](#sec1){ref-type="sec"}). The findings were similar for dysglycaemia ([table 2](#tbl2){ref-type="table"}, [appendix p 15](#sec1){ref-type="sec"}). Heterogeneity between sexes and sites was significant only for conditional height at age 2 years ([appendix](#sec1){ref-type="sec"}).

Each SD of birthweight predicted 1·5 cm higher adult height in the pooled sample ([figure 3](#fig3){ref-type="fig"}). Conditional relative weight at age 2 years was unrelated to adult height, but conditional relative weight at mid-childhood was inversely related ([figure 3](#fig3){ref-type="fig"}, [appendix p 16](#sec1){ref-type="sec"}). By contrast, increased conditional height at age 2 years and mid-childhood strongly predicted an increase in adult height in all sites (3·2 cm per SD increase in conditional height at age 2 years and 1·9 cm per SD mid-childhood; [figure 3](#fig3){ref-type="fig"}, [appendix p 16](#sec1){ref-type="sec"}). Heterogeneity was a result of site and sex differences in the size rather than direction of coefficients (coefficients in men more than coefficients in women). Birthweight and conditional height at age 2 years and mid-childhood were strongly inversely related to the chance of short adult stature ([table 2](#tbl2){ref-type="table"}, [appendix p 17](#sec1){ref-type="sec"}).

One SD higher birthweight predicted about 0·2 years more schooling ([figure 3](#fig3){ref-type="fig"}, [appendix p 18](#sec1){ref-type="sec"}). One SD higher conditional relative weight at 2 years was associated with 0·14 years more schooling in men, but there was no association in women. Conditional relative weight at mid-childhood was unrelated to attained schooling ([figure 3](#fig3){ref-type="fig"}). In Guatemala, conditional relative weight at 2 years was inversely related to attained schooling in both sexes ([appendix p 19](#sec1){ref-type="sec"}); by contrast, higher conditional height at 2 years was strongly related to higher attained schooling (except in South Africa), with one SD in conditional height at 2 years relating to a half year increase in the pooled sample ([figure 3](#fig3){ref-type="fig"}). Lower birthweight and conditional height at age 2 years were associated with increased odds of failing to complete high school ([table 2](#tbl2){ref-type="table"}, [appendix p 19](#sec1){ref-type="sec"}). Overall, heterogeneity reflected differences between sites rather than between sexes.

Estimations produced by Heckman selection models did not produce coefficients that were substantially different from those estimated with standard linear and logistic regression models.

Discussion {#cesec80}
==========

We have shown that higher birthweight is related to increased liklihood of adult overweight in five populations in countries of low and middle income, but to lower likelihood of other adverse outcomes. Although higher conditional relative weight at age 2 years was associated with higher risk of adult overweight and a slightly increased risk of elevated blood pressure, it was unrelated to dysglycaemia, adult stature, or educational attainment. By contrast, conditional relative weight in mid-childhood was associated with higher likelihood of adult overweight and elevated blood pressure, but was unrelated to schooling. Although associated with slightly increased likelihood of adult overweight (mostly related to lean mass) and elevated blood pressure, higher conditional heights at age 2 years and at mid-childhood were related to lower risk of short stature and poor educational attainment.

Few studies from low-income and middle-income settings have followed up cohorts to adulthood. Individuals in the cohorts that we studied were born when poor early life nutrition was more common than it is now, which is shown by the high prevalence of stunting during infancy.[@bib30] However, the individuals grew up in rapidly changing environments that fostered development of obesity and chronic disease risk. Countries that are challenged by the dual burden of persistent undernutrition and emerging obesity need information about the many effects of early child growth, particularly during the important first 1000 days. Although the studies included in our analysis cannot be fully representative of the countries in which they were done, the many similarities of results across settings suggest that results may be generalised to other low-income and middle-income settings.

Another strength of our study is that we were able to separate linear growth from relative weight gain. Weight gain is a result of linear growth and soft tissue gain (fat mass and fat-free mass); our conditional relative weight variables represent weight change that is separated from change in height. Conditional relative weight and conditional height variables are uncorrelated, and we expressed them in SD units to allow direct comparison of coefficients within regression models. Our variables therefore have advantages when compared with other representations of growth, and give more nuanced results than do those that are based on weight gain alone. In our study, one SD in conditional relative weight at 2 years corresponds to change in weight-for-age *Z* score from birth to 2 years that is slightly less than the 0·67 units typically used to define rapid weight gain.[@bib5] In a previous COHORTS report,[@bib11] one SD of conditional weight at age 2 years related to 0·4 years more schooling. Here, we showed that attained schooling was predominantly associated with conditional height in the first 2 years, and an increase in conditional relative weight in this period contributed to a rise of only 0·09 years of schooling. These findings are important, because an extra half year of schooling is associated with a 5% annual return to income.[@bib11]

Each estimate for conditional relative weight or conditional height represents an independent age-specific association. We noted that associations of conditional relative weight with adult adiposity and cardiometabolic risk factors strengthened substantially with age. Thus, the most important period for adverse associations of higher relative weight gain with adult cardiometabolic risk was after the age of 2 years. This finding is consistent with the ALSPAC study[@bib31] in the UK, which also showed that associations of conditional weight for length after infancy with systolic blood pressure and BMI were strongest at age 10 years, and with previous studies[@bib32; @bib33; @bib34] that showed increased risks related to fast weight gain after infancy. By contrast, for cardiometabolic risk factors, conditional height coefficients were smaller than conditional relative weight coefficients and decreased with age, which is consistent with a Brazilian study.[@bib35]

In view of the nature of conditional growth variables, we could assess independent associations of birthweight with subsequent outcomes, without concern about statistical issues such as the reversal paradox.[@bib36] Furthermore, in our analysis, gestational age was not a confounder of the relation between conditional variables and adult outcomes. A separate analysis of COHORTS data (unpublished) established that a premature birth or being small for gestational age were related to persistent deficits in adult height and schooling, but did not affect blood pressure or plasma glucose concentrations.

We addressed potential trade-offs of different early growth patterns by comparing human capital outcomes known to be associated with impaired child growth and development with cardiometabolic disease risk factors. Birthweight and faster conditional relative weight in the first 2 years of life had little relation with adult cardiometabolic risk factors, but were important for fat-free mass. Indeed, early weight gain was more strongly associated with adult fat-free mass than with adult fat mass. This finding could explain the negative associations of birthweight and the small or non-significant associations of early relative weight gain with elevated blood pressure and dysglycaemia. Faster mid-childhood relative weight gain was more strongly associated with fat mass than fat-free mass, and increased risk of elevated blood pressure and dysglycaemia. The positive associations of all growth variables at all ages with adult BMI and risk of overweight and obesity are probably a result of their joint effect on fat mass and fat-free mass, and the fact that overweight adults have highly variable amounts of body fat.

Despite being restricted to participants with complete data, the sample that we analysed differed little from individuals who were excluded, and estimates produced with Heckman selection models were not different from models estimated with conventional methods. Therefore, our estimated coefficients do not seem to have been biased by attrition or missing data. Some differences between our cohorts were unavoidable, such as methods for measurement of birthweight, plasma glucose concentration, blood pressure, and adult body composition, and also age at mid-childhood and adulthood. Our choice of age intervals was determined by the availability of measurements in each cohort rather than what we might have chosen for the greatest biological signal, such as within the first 2 years.

Heterogeneity, as represented by significant site or sex interactions, or both, with key exposures, could be a result of the differences between cohorts or true effect modification. Although data for 48 months were not available in the Philippines, mid-childhood estimates did not differ systematically from other sites. Although our cohorts differed in childhood size and adult cardiometabolic risk profile, significant site and sex heterogeneity mostly reflected differences in size of associations, not direction. Therefore, use of pooled analyses to draw conclusions seems to be justified. Outliers were usually from Guatemala (which provided the smallest sample) or South Africa (the youngest). For example, the unique absence of an association between early height gain and schooling in South Africa is probably because participants aged 18 years had no opportunity for education after secondary school. Additionally, the absence of significant predictors of glucose concentration in South Africa is probably a result of the cohort\'s young age and little variation in glucose concentration (few concentrations were \>6 mmol/L).

Our findings suggest that interventions to increase birthweight and linear growth during the first 2 years of life are likely to result in substantial gains in height and schooling (key aspects of human capital), and give some protection from development of adult chronic disease risk factors, with no or negligible adverse trade-offs. Consistent with a growing body of research, our results indicate that faster relative weight gain after the age of 2 years has little benefit for human capital, and weight gain after mid-childhood could lead to large adverse effects on later cardiovascular risk factors. Notably, this finding is particularly true for weight gain that is not accompanied by height gain. Our data support the present focus on promotion of improved nutrition and linear growth in the first 1000 days of life, and also reinforce the importance of prevention of rapid relative weight gain after age 2 years.

Although the associations we describe do not prove causation, our results challenge several programmes in countries of low and middle income ([panel](#box1){ref-type="boxed-text"}). Rapid weight gain should not be promoted after the age of 2--3 years in children who are underweight but not wasted. Growth monitoring programmes should incorporate length and height measures, not just weight measures. New interventions that specifically promote linear growth instead of weight gain should be developed, tested, and promoted; exclusive breastfeeding, high-quality protein (eg, animal), and micronutrients could be further investigated.[@bib37] Traditional school feeding programmes that increase BMI with little effect on height[@bib38] might be doing more harm than good in terms of future health.

Mortality and undernutrition are falling substantially in most parts of the world, except for Sub-Saharan Africa, and new targets are being formulated to replace the present set of 2015 Millennium Development Goals.[@bib39] Our analyses provide strong justification for the proposal of a new goal for optimum linear growth that is expressed as a reduction in stunting. This goal should replace the present target of a reduction in underweight alone, which is one of the indicators for the first Millennium Development Goals towards the eradication of extreme poverty. Whereas promotion of linear growth in early life could build human capital in adults without increasing the burden of non-communicable diseases, the present focus on underweight might have detrimental repercussions, particularly if interventions take place after 1000 days.

Supplementary Material {#sec1}
======================
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![Association of birthweight, conditional relative weight and conditional height with (A) body-mass index, (B) fat mass, and (C) fat-free mass\
Site-specific datapoints represent β coefficients from linear regression models done separately for each site and sex. \*Significant heterogeneity between sexes and sites.](gr1){#fig1}

![Association of birthweight, conditional relative weight, and conditional height with (A) systolic blood pressure and (B) log plasma glucose concentrations\
Site-specific datapoints represent β coefficients from linear regression models done separately for each site and sex. \*Significant heterogeneity between sexes and sites.](gr2){#fig2}

![Association of birthweight, conditional relative weight, and conditional height with (A) adult height and (B) years spent at school\
Site-specific datapoints represent β coefficients from linear regression models done separately for each site and sex. \*Significant heterogeneity between sexes and sites.](gr3){#fig3}

###### 

Characteristics of participants in the five cohorts

                                                              **Brazil**         **Guatemala**                           **India**         **Philippines**   **South Africa**                                                                            
  ----------------------------------------------------------- ------------------ --------------------------------------- ----------------- ----------------- ------------------ ----------------- ------------------ ----------------- ----------------- -----------------
  Birthweight (kg)                                            3·29 (0·52)        3·17 (0·51)                             3·09 (0·52)       3·02 (0·43)       2·85 (0·44)        2·76 (0·39)       3·03 (0·42)        2·98 (0·41)       3·14 (0·53)       3·02 (0·48)
  Birthlength (cm)                                            NA                 NA                                      49·8 (2·4)        48·8 (2·1)        48·6 (2·1)         48·1 (2·0)        49·4 (2·0)         48·9 (2·0)        NA                NA
  Gestational age (weeks)                                     39·3 (1·9)         39·1 (3·0)                              39·5 (3·0)        38·7 (2·6)        39·1 (2·5)         38·6 (2·2)        38·9 (2·1)         38·2 (1·9)        38·1 (1·9)        39·3 (1·9)
  Adult age (years)                                           22·7 (0·4)         22·7 (0·4)                              31·4 (1·4)        31·1 (1·3)        29·1 (1·3)         29·2 (1·4)        21·3 (0·8)         21·1 (1·0)        18·1 (0·6)        18·1 (0·6)
  Adult height (cm)                                           173·8 (6·9)        160·9 (6·2)                             163·0 (6·1)       151·1 (5·2)       169·6 (6·2)        154·9 (5·6)       163·0 (5·9)        151·1 (5·4)       170·8 (7·8)       159·65 (6·21)
  Adult weight (kg)                                           72·1 (14·0)        60·6 (12·6)                             64·3 (10·1)       61·3 (11·5)       71·8 (13·8)        59·2 (13·1)       56·0 (9·3)         46·3 (7·9)        60·1 (11·7)       57·8 (10·5)
  Adult body-mass index (kg/m^2^)                             23·8 (4·1)         23·4 (4·7)                              24·1 (3·3)        26·8 (4·6)        24·9 (4·3)         24·6 (5·0)        21·0 (3·1)         20·3 (3·1)        20·6 (3·7)        22·7 (3·9)
  Adult waist circumference (cm)                              80·9 (10·2)        74·8 (10·5)                             85·3 (8·3)        92·3 (11·2)       90·3 (11·9)        79·6 (12·2)       72·1 (7·5)         67·7 (7·3)        NA                NA
  Adult body fat (%)                                          16·3 (3·8)         NA[\*](#tbl1fn1){ref-type="table-fn"}   19·4 (5·9)        34·9 (6·9)        24·2 (5·8)         34·2 (6·9)        16·7 (5·1)         32·7 (4·8)        14·3 (5·7)        32·4 (6·4)
  Adult fat mass (kg)                                         12·2 (5·0)         NA[\*](#tbl1fn1){ref-type="table-fn"}   13·0 (5·9)        22·1 (8·5)        18·0 (6·9)         20·9 (7·9)        9·7 (4·5)          15·4 (4·6)        8·9 (5·3)         19·4 (7·4)
  Adult fat-free mass (kg)                                    60·4 (9·6)         NA[\*](#tbl1fn1){ref-type="table-fn"}   51·3 (5·2)        39·1 (3·3)        53·8 (7·8)         38·1 (5·7)        46·3 (5·8)         31·0 (4·2)        50·9 (6·5)        38·9 (5·5)
  Adult systolic blood pressure (mm Hg)                       123·5 (14·4)       111·2 (13·0)                            117·0 (10·4)      107·7 (11·2)      118·4 (11·4)       106·8 (11·1)      111·8 (10·9)       99·4 (10·0)       120·6 (10·7)      114·7 (9·8)
  Adult diastolic blood pressure (mm Hg)                      75·6 (11·7)        71·6 (10·7)                             72·6 (9·2)        69·3 (9·0)        78·0 (10·3)        73·6 (9·2)        75·8 (9·6)         67·8 (8·6)        70·9 (8·8)        71·9 (8·5)
  Adult plasma glucose concentration (mmol/L)                 5·1 (0·7)          4·9 (0·7)                               5·2 (0·6)         5·1 (1·1)         5·5 (1·1)          5·3 (0·8)         4·7 (0·6)          4·5 (0·5)         4·7 (0·5)         4·5 (0·4)
  Number of completed years of schooling                      8·9 (3·2)          9·9 (3·1)                               5·0 (3·5)         4·8 (3·5)         13·2 (3·4)         13·9 (3·1)        10·3 (3·4)         11·5 (2·8)        10·8 (1·5)        11·4 (1·3)
  Mother\'s height (cm)                                       156·7 (6·1)        156·3 (5·8)                             148·5 (4·8)       148·5 (5·3)       152·0 (5·6)        151·9 (5·0)       150·6 (4·9)        150·5 (4·9)       158·5 (6·6)       158·1 (6·5)
  Number of years mother spent in school                      6·5 (4·1)          6·6 (4·3)                               1·3 (1·6)         1·2 (1·5)         5·7 (4·5)          5·8 (4·5)         7·0 (3·3)          6·9 (3·2)         9·7 (2·5)         9·6 (2·5)
  Body-mass index \>25 kg/m^2^                                584/1882 (31·0%)   437/1701 (25·7%)                        54/157 (34·4%)    86/141 (61·0%)    370/775 (47·7%)    253/551 (45·9%)   102/1004 (10·2%)   68/883 (7·7%)     54/573 (9·4%)     162/630 (25·7%)
  Elevated blood pressure[†](#tbl1fn2){ref-type="table-fn"}   666/1884 (35·4%)   224/1702 (13·2%)                        29/161 (18·0%)    10/152 (6·6%)     209/769 (27·2%)    67/546 (12·3%)    174/1004 (17·3%)   20/885 (2·3%)     118/555 (21·3%)   60/617 (9·7%)
  Dysglycaemia[‡](#tbl1fn3){ref-type="table-fn"}              148/1590 (9·3%)    98/1503 (6·5%)                          4/114 (3·5%)      5/133 (3·7%)      161/762 (21·1%)    75/540 (13·9%)    8/870 (0·9%)       7/709 (1·0%)      4/358 (1·1%)      1/367 (0·3%)
  Short stature[§](#tbl1fn4){ref-type="table-fn"}             74/1883 (3·9%)     57/1701 (3·4%)                          69/157 (43·9%)    59/141 (41·8%)    78/775 (10·1%)     105/551 (19·1%)   432/1004 (43·0%)   374/888 (42·1%)   41/573 (7·1%)     36/631 (5·7%)
  Did not complete secondary school                           952/1770 (53·8%)   651/1619 (40·2%)                        154/168 (91·7%)   144/154 (93·5%)   114/775 (14·7%)    42/553 (7·6%)     370/1006 (36·8%)   185/889 (20·8%)   271/568 (47·7%)   171/621 (27·5%)

Data are mean (SD) or n/N (%). Participants had at least one adult outcome of interest and complete anthropometric data. NA=not available.

Female body composition not measured in Brazil because examination occurred at an army recruitment centre.

Systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 mm Hg.[@bib24]

Plasma glucose concentration \>6·1 mmol/L or taking drugs for diabetes.[@bib24]

Height-for-age *Z* score \<--2 when aged \<19 years; or \<150·1 cm for women or \<161·9 cm for men if aged ≥19 years.

###### 

Association of birthweight, conditional relative weight gain, and conditional height with adverse outcomes

                                               **Body-mass index \>25 kg/m^2^**   **Elevated blood pressure**[\*](#tbl2fn1){ref-type="table-fn"}   **Dysglycaemia**[†](#tbl2fn2){ref-type="table-fn"}   **Short stature**[‡](#tbl2fn3){ref-type="table-fn"}   **Did not complete secondary school**
  -------------------------------------------- ---------------------------------- ---------------------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------- ---------------------------------------
  Overall number affected                      2170/8297 (26·2%)                  1571/8233 (19·1%)                                                511/6947 (7·4%)                                      1325/8302 (16·0%)                                     3054/8121 (37·6%)
  Birthweight                                  1·28 (1·21--1·35)                  0·93 (0·88--0·99)                                                0·89 (0·81--0·98)                                    0·49 (0·44--0·54)                                     0·82 (0·78--0·87)
  Conditional relative weight at age 2 years   1·51 (1·43--1·60)                  1·07 (1·01--1·13)                                                0·95 (0·86--1·04)                                    0·94 (0·86--1·03)                                     0·95 (0·90--0·99)
  Conditional relative weight mid-childhood    1·76 (1·66--1·86)                  1·22 (1·15--1·30)                                                1·08 (0·98--1·18)                                    1·13 (1·04--1·23)                                     1·04 (0·99--1·10)
  Conditional height at age 2 years            1·24 (1·17--1·31)                  1·12 (1·06--1·19)                                                0·98 (0·89--1·18)                                    0·23 (0·20--0·25)                                     0·74 (0·67--0·78)
  Conditional height mid-childhood             1·12 (1·06--1·18)                  1·07 (1·01--1·13)                                                0·94 (0·86--1·03)                                    0·39 (0·36--0·43)                                     0·87 (0·83--0·92)

Data are n/N (%) or odds ratio (95% CI). Odds ratios calculated with logistic regression models of the pooled sample and indicate how a difference of 1 SD in each measure affects the likelihood of the adverse outcome. All models were adjusted for adult age. The models for short stature and completion of secondary school were further adjusted for mother\'s education and household wealth at birth; the model for short stature was also adjusted for mother\'s height.

Systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 mm Hg.

Plasma glucose concentration ≥6·1 mmol/L or taking drugs for diabetes.

Height-for-age *Z* score \<--2 when aged \<19 years; \<150·1 cm for women or \<161·9 cm for men when aged ≥19 years.

###### Research in context

**Systematic review**

A 2008 systematic review[@bib30] examined how birthweight and weight-for-age and length-for-age *Z* scores at age 2 years related to adult human capital and chronic disease risk. Therefore, we searched PubMed for reports published in any language since Jan 1, 2009, which related birthweight and childhood growth rates to these same adult outcomes. We focused on studies that attempted to assess both weight gain and linear growth at different ages, and that involved appropriate statistical methods to differentiate their effects on subsequent outcomes. Our search terms were "weight gain", "linear growth", "rapid weight gain", "birth cohorts", and "prospective studies". Few identified studies were done in low-income and middle-income countries, and few used the statistical methods needed to model correlated life course data. Although many reports associate rapid weight gain with obesity and related outcomes, we identified only two[@bib31; @bib35] that directly compared how linear growth and relative weight gain related to adult blood pressure, glucose metabolism, body composition, height, or schooling. No reports directly compared several outcomes representing health and human capital to enable assessment of risks and benefits of early growth patterns.

**Interpretation**

We have studied life course determinants of young adult human capital and disease risk factors in five countries of low and middle income, by using appropriate statistical methods to directly compare how faster relative weight gain and faster linear growth relate to these outcomes. We have shown that effects on the different outcomes are age specific. Fast linear growth in the first 2 years of life is associated with increased adult height and amount of schooling. Adverse associations with fast relative weight gain are largely confined to mid-childhood and adulthood. Our data support the current focus on promotion of nutrition and linear growth in the first 1000 days of life (from conception to age 2 years), and also reinforce the importance of prevention of rapid relative weight gain after age 2 years. These findings have implications for present practices in low-income and middle-income countries, particularly emphasising the need to monitor linear growth as well as weight, and to avoid promotion of excess weight gain in children older than 2 years. Optimum growth patterns in early life are likely to lead to less undernutrition, increased human capital, and reduced risks of obesity and non-communicable diseases, thus addressing both components of the double burden of nutrition.
